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We present new results on two unusual features concerning lamellar phases (La) in binary
aqueous solutions of non-ionic surfactants. The first striking feature is the formation of
highly dilute La phases down to 1 wt % of surfactant, which has been observed for a small
number of non-ionic surfactants which are all of the alkyl polyglycol ether (CiEj) type. So far,
in binary H2O – CiEj systems either the absence or the presence of a dilute La phase has been
reported. In the latter case, the dilute and the concentrated La phase are always connected
continuously. However, for one particular silane surfactant, namely (CH3)3Si(CH2)6(OCH2-
CH2)5OCH3, two disconnected La phases were observed. Systematic investigations of the
phase behaviour of the binary H2O – C10E4 system as well as of the pseudobinary H2O –
C10E4/C10E5 systems enabled us to conclude that: (a) the disconnected La phase is a general
feature of non-ionic surfactants and (b) there are no structural differences between the
connected and the disconnected La phases. We propose a mechanism for the disconnection of
the La phase.

1. Introduction

In aqueous solutions of ionic surfactants, highly

dilute lamellar phases which are stabilized by long

range repulsive electrostatic forces have been observed
[1–3]. In these papers phase diagrams of AOT [1] and

DDAB [2, 3] are presented in which a dilute and a

concentrated lamellar phase coexist. In the case of

DDAB, Zemb et al. [3] showed that the coexistence

vanished with increasing temperature. The authors

argue: ‘Increasing the temperature does not modify

the electrostatic or van der Waals effects. But now a

third repulsive force between the bilayers comes into

play: it could be either protrusion or undulation forces.’

We will see later that it is exactly this force that is

responsible for the occurrence of a dilute lamellar phase

in water–non-ionic surfactant sytems in which electro-

static forces are absent. Only about 13 years ago the

lamellar phase of the binary system water – C12E5

(pentaethyleneglycol dodecyl ether) was found to swell

to approximately 99 wt % of water [4]. This was a

surprise since C12E5 is a non-ionic surfactant, i.e.

stabilizing electrostatic forces are lacking, and the

formation of a structured phase at surfactant concen-

trations as low as 1 wt % was not expected. Irrespective

of the nature of the surfactant, dilute lamellar phases in

binary water – surfactant systems are a peculiarity,

which is underlined by the fact that up to now their

formation has only been observed for a small number

of systems [1–8]. A schematic phase diagram of a

binary water – CiEj system including the dilute lamellar

phase (La) is shown in figure 1.

Three features of this phase diagram are of relevance

with respect to the discussion of the La phase. The first

one is the intersection of the La phase with the upper

miscibility gap; this intersection leads to a complex

phase behaviour at low surfactant concentrations

including several three-phase lines and two-phase

regions. Another peculiarity is the broad concentration

and temperature range over which the La phase exists.

In some systems it is possible to dilute the La phase

down to such low surfactant concentrations that the
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repeat distance of the lamellae is in the range of the

wavelength of visible light. Hence, highly diluted La

phases show an iridescence, the colour depending on

the repeat distance and viewing angle. Last but not

least, the presence of the sponge phase (L3) in the

vicinity of the dilute La phase may be mentioned. In an

L3 phase the bilayers form a three-dimensional random

network. There exists visual evidence from freeze fracture

electron microscopy [9] that this network develops from

the lamellar phase by the formation of passages

between the bilayers. The resulting structure is usually

described as a sponge consisting of bilayers of zero

mean curvature. The fact that the L3 phase is only

formed at low surfactant concentrations will be

discussed later.

The influence of the molecular structure on the

absence or presence of the dilute La phase can be

demonstrated very well with the phase diagrams of

binary water – CiEj systems. An important series are

the C12Ej surfactants with j~4–6. Whereas for j~4 and

5 highly diluted lamellar phases are formed [5], which

exist down to concentrations of 1 wt % (C12E5) or even

less (C12E4), the phase diagram of C12E6 exhibits a

lamellar phase only at concentrations higher than

60 wt % [10]. On the other hand, the decrease of the

alkyl chain length from C12 to C10 can have the same

effect as an increase of the hydrophilic headgroup,

namely a suppression of the dilute region of the La

phase. This tendency can be clearly seen when the phase

behaviours of C12E5 and C10E5 are compared. For the
former the lamellar phase extends from surfactant

concentrations of about 90 wt % down to 1 wt % [4],

whereas for the latter an La phase is only observed in a

very small concentration range from 70–80 wt % [11].

Thus, starting from C12E5, a decrease of the alkyl chain

length by two carbon atoms (from C12E5 to C10E5) as

well as an increase of the headgroup length by one EO

unit (from C12E5 to C12E6) dramatically changes the

phase behaviour, i.e. completely suppresses the dilute

La phase. In other words, both for a given alkyl chain

a decrease of the headgroup length, and for a given

headgroup an increase of the alkyl chain, lead to the

formation of a dilute La phase.
The question arises as to what the phase diagrams

of the ‘intermediate’ surfactants C12E5vjv6 and

C10viv12E5, respectively, would look like. It is true

that surfactants with non-integral j do not exist, but

surfactant mixtures can be investigated. In a systematic

study of this kind, mixtures of two differently branched

non-ionic surfactants were investigated [12]. The

surfactant with the branched hydrophobic part (1)

forms a broad lamellar phase, whereas in the phase

diagram of the surfactant with the branched headgroup

(2) a hexagonal phase and two cubic phases are

observed. The addition of surfactant 2 to surfactant 1

leads to a continuous decrease of the lamellar phase
region, which is accompanied by an increase of both

the hexagonal and the cubic phases regions. Similarly,

when adding C12E6 or C10E5 to C12E5 one expects a

continuous reduction of the dilute La phase region until

its formation is restricted to high concentrations, as is

the case for the pure surfactants C12E6 and C10E5.

However, the binary phase diagrams of a trisiloxane [7]

and a trimethyl silane [8] surfactant, suggest a second

possibility. Wagner and Strey [8] found that the sur-

factant (CH3)3Si(CH2)6(OCH2CH2)5OCH3 (which will

be abbreviated as (C1)3SiC6E5M) stabilizes a lamellar

phase down to concentrations of about 15 wt %.

Surprisingly, the La phase formed at concentrations
between 15 and 35 wt % is not connected with the La

phase formed at higher concentrations, namely between

60 and 80 wt %. Similar features were observed for a

trisiloxane surfactant, the hydrophilic part of which

consists of 10 polyoxyethylene units [7]. In other words,

two separate La phases are observed. The questions to

be answered are the following. Is it possible to obtain

Figure 1. Schematic phase diagram of a binary system H2O
– CiEj (alkyl polyglycol ether) including the lamellar
phase (La) and the isotropic sponge phase (L3). L1 and L2

denote isotropic phases of normal and inverse micelles,
respectively; Tc stands for the lower critical temperature
and cmc for the critical micelle concentration. Two one-
phase regions are separated by a two-phase region
(hatched areas), whereas two two-phase regions are
separated by a three-phase line (bold lines). Note that
apart from the La phase a wide variety of different liquid
crystalline phases exists. For the sake of simplicity they
are not shown.
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two disconnected La phases with CiEj surfactants? Are

there any structural differences in the case of the two

disconnected La phases? And last but not least, how

can one follow experimentally the structural evolution

along the concentration path?

To investigate the crossover from a system with one

continuous lamellar phase extending to low concentra-
tions to a system with a lamellar phase restricted to

high concentrations upon changing the structure of the

surfactant, we have chosen the C10Ej series, for which

we expect similar changes in the phase diagram upon

changing j as for the C12Ej series. First, for the C10Ej

series a hydrophobicity similar to the corresponding

trimethyl silane surfactants (C1)3SiC6EjM is expected.

Second, it is known from the previous work of Lang

and Morgan [11] that the La phase of C10E4 intersects

with the upper miscibility gap, a phenomenon which

has already been observed for C12E4 and C12E5, the

surfactants with known dilute La phases [4, 5, 10].

However, the exact extent of the La phase towards low

surfactant concentrations is still unknown. Therefore,

and in order to gain a deeper insight into the origin of
the dilute La phase, we reinvestigated the phase

diagram of C10E4, focusing on the dilute region. We

found an La phase down to surfactant concentrations

less than 10 wt %, which will be named the dilute La

phase in the following discussion. Knowing that the

formation of the La phase in the water – C10E5 system

is restricted to concentrations above 70 wt % [11],

mixtures of C10E4 and C10E5 were examined to

determine the appearance of the phase diagrams of

the ‘intermediate’ surfactants C10E4vjv5. The aim was

to clarify whether the dilute La phase shrinks

continuously only from the dilute side, remaining

connected to the concentrated La region, or whether

a separation of the dilute region from the concentrated
one occurs. The structural evolution along a concen-

tration path is monitored by 2H NMR spectroscopy,

from which the phase transitions and structural changes

of lyotropic liquid crystals can be analysed very

accurately [13–19]. First, with this technique it is easy

to determine whether or not the lamellar phase coexists

with an isotropic phase, which facilitates

the interpretation of the phase diagrams. Second, the

splitting of the 2H NMR signal is a measure for the

degree of order in the La phase, which helps in

discussing the structural change from the dilute to the

concentrated La phase.

2. Experimental

2.1. Phase diagrams

2.1.1. Materials

The non-ionic surfactants C10E4 and C10E5 with a

purity w98% were purchased from Bachem Biochemica

GmbH, Heidelberg, Germany. The purity of the sur-

factants can be judged by monitoring the critical

temperature of the binary water – CiEj systems. The

values known from the literature for the purified

surfactants C10E4 and C10E5 are Tc~20.5‡C at a

mass fraction of c~0.026 [20] and Tc~40.25‡C at

c~0.035 [21], respectively. As the critical points for

the purchased surfactants were determined to be only

0.5–0.7‡C below the literature values, the surfactants

were used without further purification. H2O was

ultrapure Millipore water, type Milli-Q RG. The D2O

needed for the 2H NMR experiments was obtained

from Cambridge Isotope Laboratories, Cambridge,

MA, USA and used as purchased with an isotope

purity w99%.

2.1.2. Phase behaviour

To determine the phase diagrams, desired amounts

of water and surfactant were weighed in test-tubes

equipped with Teflon coated stirring bars and sealed

with polyethylene stoppers. The samples were thoroughly

mixed and placed in a transparent water bath in which

the temperature could be controlled to ¡0.02 K. The

phase boundaries were determined by changing the

water bath temperature in appropriate steps, thus

reaching a precision of the phase transition tempera-

tures of ¡0.05 K. The transition from a one-phase

region to a two-phase region is kinetically hindered,

which may cause incorrect boundary temperatures if

only measured in that direction. Therefore phase

boundaries were always confirmed by going from a

two-phase to a one-phase region. From the equilibrated

system the number and appearance of the phases were

determined visually by inspection in scattered and

transmitted light. Additionally, crossed polarizers were

used to detect the birefringence at the LazL3pL3

phase transition, since the La phase shows permanent

birefringence, the L3 phase just under shear. The

composition of the binary and pseudobinary mixtures

is characterized in terms of the total mass fraction of

surfactant in the mixture

c~
mC10E4

zmC10E5

mH2OzmC10E4
zmC10E5

ð1Þ

and the mass fraction of C10E5 in the surfactant

mixture

d~
mC10E5

mC10E4
zmC10E5

: ð2Þ

2.2. 2H NMR spectroscopy

The 2H NMR measurements were carried out with

Bruker MSL 300 and Avance 500 spectrometers at a

La phases 41
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deuterium resonance frequency of 46.07 and 76.78 MHz,

respectively. For the measurements we used the

spectrometer which was at our disposal. The samples

were filled in 4 cm long glass tubes of 5 mm diameter,

which were sealed with a Teflon plug and epoxy glue.

The tubes were inserted into a home-built goniometer

probe such that the tube axis was perpendicular to the

static magnetic field. Spectra were measured with a

quadrupole echo pulse sequence [22] and 16 scans were

averaged before Fourier transformation. The tempera-

ture control of the probe was only ¡0.5 K, so care had

to be taken to obtain the required phase. To keep the

influence of the domain size on the quadrupole

splittings to a minimum, measurements were performed

on aligned lamellar samples. The sample was pre-

equilibrated in the isotropic phase below or above the

corresponding La phase (see phase diagrams). Slow

heating or cooling from the isotropic to the anisotropic

phase was sufficient to achieve a uniform alignment of

the La phase by the magnetic field. For a perfectly

aligned La phase the NMR spectrum is a well defined

doublet, where Dn is given by

Dn~3=4dQ 3 cos2 h{1
� �

ð3Þ
where h is the angle between the external magnetic field

and the director (axis of symmetry) of the lamellar

phase and dQ~e2qQ/h is the quadrupole coupling

constant averaged over the molecular motions of

the water molecules (with e the elementary charge, h

Planck’s constant, eq the anisotropy of the averaged

electric field gradient, and eQ the nuclear quadrupole

moment) [22].

3. Results
3.1. Phase diagrams

Phase diagrams of the binary system H2O – C10E4

and the pseudobinary system H2O – C10E4/C10E5 are

shown in figures 2 and 3. First, the phase behaviour of

H2O – C10E4 will be described in detail. Second, the

influence of C10E5 on the binary system in general and

on the extension of the lamellar phase in particular, will

be shown. Last but not least, changes caused by the

exchange of H2O by D2O will be presented. It has to

be mentioned that according to the phase diagrams

published by Lang and Morgan [11] a hexagonal phase

is expected in both the binary and the pseudobinary

systems. However, as the focus of the present study is

on the lamellar phases, the hexagonal phases were not

investigated in detail and were therefore not included.

3.1.1. H2O – C10E4

The phase diagram of H2O – C10E4 shown in

figure 2 (a) was measured as a function of the tem-

perature T and the surfactant mass fraction c. To depict

the real proportions of the different phase regions

in the phase diagram, the concentration axis is drawn

as a linear scale. As a result, the critical micelle

concentration (cmc) cannot be represented in this

Figure 2. Phase diagrams of (a) the binary H2O – C10E4

system and (b) the pseudobinary H2O – C10E4/C10E5

system at d~0.10. The indentation of the lamellar phase
in the binary system at T<55‡C and c<0.55 is a first
indication for the existence of two separate phases in the
pseudobinary system. Hexagonal phases might be present
but this possibility has not been examined. The notation
is the same as in figure 1. In the case of the pseudobinary
system, the labels L1, 1, and L2 are used to denote
different regions of the single isotropic phase.

42 C. Stubenrauch et al.
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diagram but is found experimentally to be ccmc~

361024 at T~20‡C. The micellar L1 phase extends up

to the cloud point curve. The coordinates of the lower

critical point (black dot), i.e. where the L1 phase

separates into a water-rich L0
1ð Þ and a surfactant-rich

L00
1ð Þ phase, are Tc~19.8‡C and cc~0.026. The

L0
1zL00

1 coexistence region extends to about 45‡C.

For higher temperatures, to about 59‡C, the L3 phase

appears in the phase diagram as a narrow band, never

wider than 4 K. It extends over a large concentration

range from c~0.03 to c~0.20. The L3 phase can easily

be identified, for it is an optically isotropic fluid of low

viscosity, which scatters light strongly and exhibits

birefringence under shear. Over the same temperature

range but shifted towards higher surfactant concentra-

tions c, the La phase can be observed. It extends far

into the high concentration region of the phase

diagram, where it reaches very low temperatures. In

the high concentration region (cw0.50) the La phase

separates the micellar L1 from its inverse counterpart,

the L2 phase. A point worth mentioning is the fact that

at concentrations around c~0.55 the phase boundary

between the L2 and the La phase is indented.

Anticipating the observation that the pseudobinary

H2O – C10E4/C10E5 system forms two separate La

phases, see figure 2 (b), one can interpret the ‘dent’ as an

indication of the tendency to form an isotropic phase.

As long as this tendency is restricted to a small

concentration range two separate La phases can be

observed.

3.1.2. H2O – C10E4/C10E5

Having found that C10E4 forms an La phase from

80 wt % down to 8 wt %, while the La phase of C10E5 is

restricted to 70–82 wt %, we decided to investigate mix-

tures of these two surfactants to monitor the suppression

of the La phase at low surfactant concentrations. The

main objective of the present work was to clarify whether

the La phase shrinks continuously, or there is first a

separation of the lamellar region before the La phase in

the dilute region eventually vanishes. For that purpose, a

C10E4/C10E5 mixture with d~0.10 (mass fraction of C10E5

in the surfactant mixture) was chosen. The choice of

d~0.10 is explained in Appendix 1. The corresponding T–

c phase diagram of this mixture is shown in figure 2 (b).

Comparing figures 2 (a) and 2 (b), one clearly sees the

influence of C10E5 on the phase behaviour of the H2O –

C10E4 system. While the isotropic phases are not strongly

affected, a significant change of the La region is observed.

Instead of one broad lamellar region, two disconnected

regions appear, one in the concentration range 0.14f
cf0.43, the other in the range 0.58fcf0.80. The cor-

responding temperatures are 48.6–56.4‡C and Tv49‡C,

respectively. Thus an increase of d from 0 to 0.10 induces a

phase transition from an La to an isotropic phase between

c~0.43 and c~0.58. The nature of the isotropic phase

remains to be clarified. We will return to this point in

the discussion. The phase diagram shown in figure 2 (b)

Figure 3. Extension of the La phase in the (a) binary D2O –
C10E4 system (d~0) and (b) the pseudobinary D2O –
C10E4/C10E5 system at d~0.20. The phase boundaries
(lines) were estimated from the phase transitions (open
symbols) determined by both visual inspection and 2H
NMR spectroscopy. The 2H NMR spectra shown in
figure 4 are recorded at the compositions and tempera-
tures indicated in the phase diagrams (filled symbols).
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is the first experimental evidence of disconnected La

phases in a CiEj system. Obviously, disconnected lamellar

phases are not a characteristic feature of the surfactant

(C1)3SiC6E5M investigated by Wagner and Strey [8] but

rather a general phenomenon which will be discussed

later.

3.1.3. Influence of D2O

Comparing figures 3 (a) and 2 (a), one clearly sees

that the exchange of H2O by D2O does not result in the

commonly observed decrease of the boundaries of

isotropic phases by 2–3 K [19, 23]. On the contrary, the

upper phase boundary of the La phase is shifted slightly

towards higher temperatures by 1–2 K. This shift

decreases with increasing surfactant concentration until

at c~0.70 the phase transition from L2 to LazL2 takes

place at the same temperature for both the H2O –

C10E4 and the D2O – C10E4 systems. In addition to the

shift of the upper phase boundary towards higher

temperatures, a decrease of the lower phase boundary

by 3–4 K can be seen for cv0.50. Therefore, at

concentrations below 0.50 the temperature range in

which the lamellar phase is formed increases by

approximately 5 K, whereas its range is unaffected at

higher concentrations. However, it is not only on the

temperature scale that the La phase becomes more

stable but also on the concentration scale. In the pro-

tonated system the low concentration limit is reached at

c~0.08, figure 2 (a).
With D2O, the range of the La phase towards low

surfactant concentrations was not measured. However,

the phase diagram shown in figure 3 (a) suggests that a

formation of the La phase at concentrations below

c~0.08 is very likely. A higher swelling with D2O

would be in agreement with observations made for

the binary H2O – C12E5 and D2O – C12E5 systems [4].

Note that for a quantitative comparison, volume

instead of mass fractions have to be considered. To

summarize, the formation of the dilute La phase is

favored in the presence of D2O, whereas the phase

behaviour at high surfactant concentrations is not

influenced by the exchange of H2O by D2O. Remem-

bering the evolution of the lamellar phase in the CiEj

series, one realizes that the surfactant behaves as if it

were more hydrophobic in the presence of D2O than

in the presence of H2O. So far, only a qualitative

explanation for this observation can be given. It is

known that the O–D bond is stronger than the O–H

bond so that the hydration of the hydrophilic head-

group might be expected to be stronger in the presence

of D2O. A stronger hydration leads to a shift of the

miscibility gap towards higher temperatures. However,

the opposite is observed. Speculative as it may be, we

believe that a stronger hydrophobic effect in D2O is the

explanation for the experimental observations. In other

words, the interactions between the alkyl chain and

D2O are less favourable than those between the alkyl

chain and H2O. Thus, a possibly stronger hydration of

the hydrophilic part in D2O is outweighed by the

dehydration of the hydrophobic part, which leads to a

surfactant with a hydrophobicity that is somewhat

higher than in H2O.

Not surprisingly, the increase in the stability of the

La phase also influences the phase behaviour of the

pseudo-binary D2O – C10E4/C10E5 system. The effect is

well demonstrated for the mixture with d~0.10. While

two separate lamellar regions are observed in the

protonated system, figure 2 (b), in the deuterated system

the La phase is still connected (see Appendix 2). As the

aim of the present paper was to study the disconnected

La phase, the amount of C10E5 in the C10E4/C10E5

mixture was further increased to induce the separation.

Indeed, as can be seen in figure 3 (b), two separate

phases were observed for d~0.20 and thus this mixture

was chosen to perform the NMR measurements.

3.2. 2H NMR spectroscopy

To monitor phase transitions and structural changes

in the La phase, 2H NMR spectroscopy was chosen.

The focus will be on a series of spectra measured along

a concentration path through the lamellar region. A

splitting of the spectra indicates anisotropic meso-

phases, whereas a single peak results for isotropic

phases. The splitting does not serve only as experi-

mental evidence for the presence of an anisotropic

phase, i.e. an La phase for the systems at hand, but also

as a measure for the degree of order in this phase. To

be more precise, in D2O – surfactant systems a splitting

indicates that the averaged motion of the water

molecules is anisotropic. As the exchange between

hydration water and water that is free to move is fast

on the NMR timescale, an averaged motion is detected.

Thus, the splitting is a measure for the amount of

hydration water bound to an anisotropic phase. In the

following, the spectra and the corresponding splittings

will be presented for both the D2O – C10E4 and the

D2O – C10E4/C10E5 systems. Concentration- and

temperature-dependent measurements were performed

to gain a deeper insight into the phenomenon of dilute

La phases.

3.2.1. Spectra

In figure 4 (a) spectra of the D2O – C10E4 system are

shown as a function of the surfactant concentration c.

In a concentration range 0.20fcf0.70 spectra were

recorded in steps of 0.10. For each concentration,

44 C. Stubenrauch et al.
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temperature-dependent measurements were performed

from which the spectra with the broadest splitting are

shown in figure 4 (a). The compositions and tempera-

tures of the samples are shown in figure 3 (a). The

evolution of the lamellar phase is clearly seen: a single

anisotropic phase is formed, the splitting of which

increases continuously with the surfactant concentra-

tion. From the temperature scans (spectra not shown)

the phase boundaries of the La phase, i.e. LapLaz

isotropicpisotropic, were determined; the results are

shown in figure 3 (a). In contrast to the spectra of the

binary system, those of the pseudobinary D2O – C10E4/

C10E5 system, which are shown in figure 4 (b), clearly

demonstrate two separate lamellar regions. The lamel-

lar phase observed at low concentrations is restricted to

concentrations of about 0.25vcv0.40 and surrounded

by a broad two-phase region (see spectrum for c~0.20

and 0.40).{ At concentrations above 0.50 a second La

phase was found. In contrast to the La phase observed

at low c, the one at high c is stable over a broad

temperature range. The phase between the two lamellar

phases is found to be isotropic (see spectrum for

c~0.50). With this sequence, phase transitions and

coexistence regions could be identified.
It is important to stress how this information about

the two-phase regions complements the results of the

visual inspection. From the latter we know that an La

phase is formed in a concentration range 0.20vcv0.50

at temperatures between 50 and 60‡C. The NMR

measurements led to the result that it is not the

extension of a single anisotropic phase but mainly that

of the adjacent two-phase region which is seen in the

macroscopic test tubes. The resulting phase boundaries

are shown in figure 3 (b).

3.2.2. Splitting

With respect to the evaluation of the quadrupole

splittings Dn we will focus on the D2O – C10E4 system.

For the pseudo-binary D2O – C10E4/C10E5 system only

a few Dn values will be shown as most of the spectra

were recorded in two-phase regions.{ The splittings of

Figure 4. (a) 2H NMR spectra of the D2O – C10E4 system
along a concentration path through the lamellar region.
The temperatures at which the spectra were recorded are
T~46‡C for c~0.2, 0.3 and 0.4, T~43‡C for c~0.5 and
T~28‡C for c~0.6 and 0.7 (see text for explanation).
The samples are shown in figure 3 (a). (b) 2H NMR
spectra of the D2O – C10E4/C10E5 system along a
concentration path through the lamellar region. The
temperatures at which the spectra were recorded are
T~54‡C for c~0.2, 0.3 and 0.4, T~50‡C for c~0.5 and
T~30‡C for c~0.6 and 0.7 (see text for explanation).
The samples are shown in figure 3 (b).

{For the samples with c~0.25, 0.40 and 0.45 the coexistence
of two phases (isotropiczLa) was observed over the whole
temperature range, whereas for c~0.30 and 0.35 a single
lamellar phase surrounded by the corresponding two-phase
region was detected.
{The two-phase regions we are dealing with are those in
which the La phase coexists with an isotropic phase. The
splitting that is observed corresponds to the coexisting La

phase. As neither the composition nor the amount of the
coexisting La phase are known precisely, a comparison with
the splitting of the one-phase region is unreasonable. On the
contrary, it is from the Dn(c)-curve of the one-phase region
that the composition of the coexisting La phase can be
deduced.
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the D2O – C10E4 system are shown in figure 5 for six

different concentrations c as a function of temperature

T. The Dn values are plotted on a log-scale to present

all data in one figure.

It is clearly seen that Dn decreases with decreasing

surfactant and thus decreasing lamellae concentration.

This is because Dn is a measure of the fraction of water

bound to the lamellae-forming surfactants. However,

the amount of bound water does not only depend on

the surfactant concentration but also on the tempera-

ture. Knowing that the hydration degree of CiEj

surfactants decreases with increasing temperature, one

expects that an increase in temperature is accompanied

by a decrease of the splitting. Indeed, a continuous

decrease of Dn with increasing temperature is found for

c~0.70. However, for c~0.60, 0.50 and 0.40 a plateau,

and for c~0.30 and 0.20 even a maximum, is observed

in the Dn(T)-curves. The temperature dependence of Dn

reflects the change of the overall ordering of the phase.

In other words, deviations from extended smooth

lamellae of zero curvature cause a decrease of the

splitting [17]. Thus, the maximum in the Dn(T)-curves

represents the La phase of highest order. On decreasing

or increasing the temperature, defects occur causing the

decrease of the splitting. As can be seen in figure 5 (b),

the same trend, namely a levelling off of the Dn(T)-

curve with decreasing surfactant concentration, is

found for the pseudobinary system. While for c~0.70

an increase of the temperature leads to a continuous

decrease of Dn, the splittings of the samples with

c~0.60 and 0.30 reach a plateau at low temperatures.

The Dn values corresponding to the maxima and

plateau values are shown in figure 6 as a function of c.

For the interpretation of the Dnmax values, two issues

have to be considered. First, for c~0.70 the splittings

are expected to increase further with decreasing

Figure 5. (a) Quadrupole splittings Dn of the D2O – C10E4

system for six concentrations c as a function of the
temperature T. (b) Quadrupole splittings Dn of the D2O –
C10E4/C10E5 system for three concentrations as a
function of the temperature T.

Figure 6. Maximum quadrupole splittings Dnmax of the D2O
– C10E4 and D2O – C10E4/C10E5 systems as a function of
the surfactant concentration c. The corresponding
spectra are shown in figure 4. The theoretical Dn(c)-
curve represents the two-site model and was calculated
with equation (5).
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temperature. However, an extrapolation of the data

shown in figure 5 towards lower temperatures leads to a

maximum increase of the Dn values by around 100 Hz,

an increase which is not relevant for the Dnmax(c)-curve

shown in figure 6. Second, the Dnmax values shown in

figure 6 correspond to different temperatures. However,

as the effect of temperature on the splitting is very low

compared with the effect of concentration, the max-

imum splittings can be compared without a correction

for the temperature effect.

The dependence of the quadrupole splitting Dn on the

surfactant mass fraction c can be described using a

simple two-site model [24]. In this model a distinction is

made between bound water and water that is free to

move. The experimentally determined Dn value is a

measure of the amount of water molecules bound to the

anisotropic phase, i.e. Dn~xb Dnb, where xb is the mole

fraction of bound water and Dnb the quadrupole

splitting for bound water molecules. It should be

noted that the exchange between bound and free water

is so fast that no isotropic peak but a reduced splitting

is seen for xbv1. The mole fraction of bound water xb

is given by [24]

xb~nb
Mwc

MwczMs 1{cð Þ ð4Þ

where nb is the number of bound water molecules per

surfactant headgroup (hydration degree) and Ms and

Mw are the molecular masses of surfactant and water

(D2O here), respectively. According to equation (4) the

following relationship between Dn and the surfactant

mass fraction c is expected:

Dn~nb
Mwc

MwczMs 1{cð ÞDnb: ð5Þ

As neither nb nor Dnb were known, we proceeded as

follows. Kilpatrick et al. investigated the quadrupole

splittings of a lamellar phase at concentrations above

60 wt % (cw0.6) [24]. They found that the experimental

Dn values conform well to equation (5) for nbDnb equal

to 9 500 Hz. Thus, we took the splitting of the highest

concentration investigated here, i.e. Dn~2 034 Hz and

c~0.7, to calculate the factor nbDnb. From equation (5)

a value of 16 600 Hz was obtained; the resulting Dn(c)-

curve is seen in figure 6. In contrast to the observations

made by Kilpatrick et al. [24], the experimentally

observed splittings deviate from the theoretical model.

We will return to this deviation in the discussion.

4. Discussion
The two unusual features of the La phases observed

in aqueous solutions of non-ionic surfactants, namely

the formation of a highly diluted La phase and the

disconnection of the lamellar region, will be dealt with

in the following discussion. First, the results presented

here will be compared with results published to date.

Second, different mechanisms stabilizing the La phase

and the process leading to the disconnection will be

discussed.

4.1. The phenomenon of connected and disconnected La

phases

4.1.1. Connected La phases

The reports of highly diluted La phases in binary

water – non-ionic surfactant systems are restricted to

a small number of surfactants, all of which are of

the alkyl polyglycol ether type. The ‘record’ is the

formation of La phases down to 1 wt % surfactant as

observed for C12E5 and C12E4 [4, 5]. In the C10Ej series

investigated here, a dilute La phase is observed for j~3

[25, 26] and j~4. Although the published phase

diagram of C10E3 can only be considered as being

preliminary in nature because many details are lacking,

it is obvious that the dilute lamellar phase extends

down to lower surfactant concentrations than in the

corresponding binary water – C10E4 system. For the

C10E5 homologue an La phase is only observed in

the very small concentration range 70–80 wt % [11].
Apart from the surfactants C12E5, C12E4, C10E4 and

C10E3, highly dilute La phases were observed for three

surfactants whose hydrophobic parts are branched [6,

7]. It is primarily the branched surfactant C4CiGE8M

series which is of interest with respect to the formation

of dilute La phases [6]. These surfactants consist of a

triglyceryl unit (G) which connects two different alkyl

chains (C4 and Ci) with the hydrophilic headgroup E8M

(E8, terminated by OCH3). The La phase is found

to extend from 8 to 80 wt % in the binary H2O –

C4C10GE8M system and from 2 to 83 wt % in the

H2O – C4C12GE8M system. In addition, the tempera-

ture range over which the La phase exists is increased in

the latter system. It is a well known and therefore

hardly surprising phenomenon that a shortening of the

alkyl chain causes a destabilization of the La phase

region. However, for these particular surfactants the

destabilization is accompanied by an indentation. Similar

to the observations made for H2O – C10E4, the phase

boundary of the H2O – C4C10GE8M system is indented

around 50 wt %, a phenomenon not seen for C4C12GE8M.

Interpreting this indentation as a first step towards

a disconnection of the La phase, one expects the

formation of two separate La phases with a further

decrease of the number of C-atoms in the Ci chain. The

fact that the dent in the phase boundary occurs around

50 wt % for both H2O – C4C10GE8M and H2O – C10E4

will be explained later.
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4.1.2. Disconnected La phases

We have seen that the number of surfactants known

to stabilize a dilute La phase is very small. Presumably,

a precisely balanced molecular structure is needed for

its formation (we will return to this point in § 4.2). The

requirements for the molecular design seem to be even

‘harder’ for the formation of two separate La phases.

The trimethyl silane surfactant (C1)3SiC6E5M, for

example, seems to fulfill these requirements. Comparing

figure 7 with figure 2 (b), one clearly sees the similarities

between the two phase diagrams. The only significant

difference concerns the temperatures at which the phase

transitions occur. With respect to temperature, the

extensions of the phases observed for the trimethyl

silane surfactant are about half of those observed for the

C10E4/C10E5 mixture. Nevertheless, the phase diagrams

are surprisingly similar, so that it is justifiable to say

that the phase behaviour of (C1)3SiC6E5M parallels that

of the C10E4/C10E5 mixture with d~0.1, which cor-

responds to the hypothetical surfactant C10E4.1. Going

one step further, one can argue that the phase behaviour

of C10E4 is expected to be the same as that of the

hypothetical surfactant (C1)3SiC6E4.9M. Thus, the sub-

stitution of 10 wt % (C1)3SiC6E5M by (C1)3SiC6E4M is

expected to lead to a connection of the two separate

lamellar regions.

To conclude, one can say that the phenomenon of

disconnected La phases is a general feature of non-ionic

surfactants. It is simply by chance that molecular

structures which are easy to synthesize do not fulfill the

requirements for the formation of a disconnected La

phase. Thus, in order to tune the phase behaviour

precisely, a way has to be found by which the structure

can be changed in very small steps. We have shown that

the crossover from a system with one continuous La

phase extending to low concentration, to a system with

an La phase restricted to high concentrations, can be

investigated by mixing the corresponding surfactants.

As mentioned already in the introduction, the approach

of using mixed surfactants to tune the phase behaviour

has also been used successfully in a systematic study of

two differently branched non-ionic surfactants [12].

Thus, the method of choice for detailed investigation

of phase transitions as a function of the molecular

structure is the use of surfactant mixtures. From the

results presented here, it can be deduced that the

crossover between connected and disconnected La

phases can be induced by mixing appropriate surfac-

tants, for example C10E4 and C10E5, C12E5 and C12E6,

C4C10GE8M and C4C8GE8M and, last but not least,

the trimethylsilane surfactants (C1)3SiC6E4M and

(C1)3SiC6E5M.

4.2. The process leading to the disconnection of the La

region

4.2.1. Structural evolution in the La region

First we would like to address the question whether

or not there are structural differences between the

connected and disconnected La phases. An answer to

this question might be provided by the concentration-

dependent splittings obtained from the 2H NMR

measurements. It can be seen in figure 6 that the splitting,

i.e. the order of the La phase, increases continuously

with increasing surfactant concentration. Furthermore,

for a given concentration, the splittings of the pseudo-

binary system are the same as those of the binary

system. This clearly demonstrates that it is only the

extension but not the structure of the La phase that is

changed by substituting C10E4 by C10E5. These results

are not in agreement with the measurements made by

Kratzat et al. [18]. In their work an abrupt increase of

the quadrupole splitting was found at concentrations

between 50 and 60 wt % and interpreted as a change of

the lamellar structure. It should be noted that the

results presented in [18] are not consistent. Specifically,

while a continuous decrease of the interlamellar distance

is observed by X-ray diffraction, two different lamellar

structures are deduced from the NMR results.

With respect to the system at hand, it is seen in

Figure 7. Phase diagram of the binary H2O – (CH3)3Si
(CH2)6(OCH2CH2)5OCH3 system [8]. Note that the
temperature scale ranges only from 0 to 50‡C, whereas
in figures 2 and 3 it is from 0 to 100‡C. The notation is
the same as in figure 1.
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figure 6 that the theoretical two-site model does not

describe the measured splittings over the whole concen-

tration range. Assuming that the deviation is not due to

a change in the degree of hydration, there must be a

different origin of this phenomenon.§ The presence of

undulations, which are not considered in the two-site

model, is consistent with the observation made in

figure 6. Owing to thermally induced undulations, the

bilayers are only flat on average. Thus, the average

order of the hydration water is reduced, resulting in

a reduced splitting. In other words, the difference

between the experimental and theoretical results is a

measure of the degree of undulations. In addition,

passages between the lamellae would also be consistent

with the reduced splittings, as D2O molecules can

exchange between the interconnected lamellae and thus

reduce the observed anisotropy. A complex interplay

between these two competing effects is assumed, a

separation of which is not possible. To summarize the

results of the NMR measurements, the lamellar struc-

ture changes continuously along the chosen concentra-

tion path. The deviation from the theoretical two-site

model is a measure of defects in the lamellar struc-

ture owing to undulations and/or passages between

the lamellae (so-called interlamellar attachments [27]).

However, an indication of the indentation or the

disconnection is not given.

4.2.2. Stabilization of La phases

As the structural evolution does not indicate the

disconnection we have to look in more detail at the

mechanisms which stabilize—or destabilize—the La

phase. First it has to be understood what requirements

a surfactant has to fulfill in order to stabilize an La

phase in general and a dilute La phase in particular. To

answer this question two factors must be considered,

namely the structure of the single molecule and the

rigidity of the surfactant monolayer, which are inter-

related. In general, an La phase is formed when the

ratio of the hydrophilic to the hydrophobic area is

balanced, i.e. ahead/achain<1. For a given surfactant, the

area of the hydrophobic chain is constant, whereas the

area of the headgroup depends on the degree of hydra-

tion. Dehydration can be forced by both an increase in

the temperature and an increase in the surfactant

concentration (less water is available), which explains

why the temperatures at which the dilute La phase is

formed are much higher than those of the concentrated

La phase. However, it is not only the ahead/achain ratio

but also the rigidity of the surfactant layer which plays

a role. It is only above a certain rigidity that La phases

can be stabilized, which becomes obvious when one

compares the phase diagrams of C12E4 [5], C10E4

(figure 2 (a)), and C8E4 [10]. Whereas C12E4 and C10E4

form a broad La phase, for C8E4 an La phase exists at

neither low nor high concentrations. As the ratio ahead/

achain does not change significantly, these observations

can only be explained by a decrease in the rigidity of

the monolayers. The rigidity may be interpreted as a

measure of the intermolecular forces between the mole-

cules forming the monolayer (cohesive attraction). Thus,

the stronger these forces, the more rigid the monolayer.

Indeed, it was shown with SANS measurements in

microemulsions that the corresponding rigidity constants

k of the surfactant layers decrease significantly from

C12E4 to C8E4 [28]. The values are given in the table.

Furthermore, it can be concluded from the values

given in the table that for the formation of a dilute La

phase at high temperatures (which are needed for the

dehydration) a higher rigidity is needed than for the

formation of a concentrated La phase. This is due to

the fact that the undulations are stronger the higher the

temperatures, so that a membrane of high rigidity is

required to sustain these fluctuations. (Note that C12E6

does not form a dilute La phase although its rigidity

constant k is higher than that of C10E4. This is because

for the hydrophilic C12E6 a dilute La phase is expected

to form at much higher temperatures than the cor-

responding La phase of C10E4. Obviously an even

higher k is required to stabilize a dilute La phase at

these temperatures.)

Table. Rigidity constants k obtained from a SANS study of
CiEj surfactants at the water – n-octane interface and the
temperature T at which the respective measurements
have been performed [28]. Phase diagram studies of the
binary water – CiEj systems revealed that in addition to
the La phase formed at high surfactant concentrations a
dilute La phase is observed for C10E4, C12E4, and C12E5.

Surfactant k/kT T/‡C dilute La?

C8E4 0.51 39.5 noa [10]
C10E4 0.73 22.7 yesb

C10E5 0.65 42.2 no [11]
C12E4 1.06 11.0 yes [5]
C12E5 0.92 30.6 yes [5]
C12E6 0.81 46.8 no [10]

aLamellar phase exists at neither low nor high concentrations.
bFigure 2 (a) in this paper.

§The hydration degree nb was assumed to be constant to
calculate the prefactor nbDnb in equation (5). This is justified
by the fact that we evaluated the Dnmax values, i.e. the
splittings at which nb is maximum for the given concentration
c. At this particular hydration degree the order of the lamellar
phase reaches its maximum, which corresponds to a zero
curvature. As the curvature in the binary systems can only be
adjusted via the hydration degree of the hydrophilic head, an
equal curvature is tantamount to an equal hydration degree.
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Knowing that a surfactant of balanced molecular

structure and a significant rigidity of the surfactant

layer are required to stabilize an La phase, we can

return to the question why the La phase is disconnected

at intermediate surfactant concentrations. The basic

forces between two parallel non-charged lamellae are

long range attractive van der Waals and short range

repulsive hydration forces. In addition, thermally induced

layer undulations are proposed [29], the driving force of

which is the increase of configurational entropy. As

long as the interlamellar distance d is in the range of

(or even lower than) the membrane thickness e, the

Helfrich interaction is outweighed by the van der Waals

attraction. However, for dwe the undulation force

dominates. Thus, at low concentrations, i.e. high

interlamellar distances d, repulsive undulation forces

stabilize the lamellar phase, whereas at high concentra-

tions attractive van der Waals forces are supposed to

determine the structure of the La phase. One of the first

pieces of experimental evidence for undulation forces was

given by Safinya et al. [30]. They found for a quaternary

microemulsion that these forces dominate the interactions

between two non-charged lamellae in a range from

4 nmvdv17 nm. In order to understand the stabilizing

mechanism in our systems, we calculated the interlamellar

distances with the simple geometric model

d~2
vc

ac

1

wc

&2
vc

ac

1

c
ð6Þ

where vc is the volume, ac the area per surfactant

molecule, wc is the volume fraction of the surfactant in

the water – surfactant mixture and c the corresponding

mass fraction. With vc(C10E4)~0.58 nm3 and ac(C10E4)~

0.53 nm2 [28] the results shown in figure 8 were

obtained. On the basis of neutron reflectivity measure-

ments [31], we estimated the thickness of a hydrated

C10E4 bilayer to be 5.0¡0.5 nm. As can be seen in

figure 8, the bilayer thickness e is similar to the inter-

lamellar distance d in a concentration range 0.35v

cv0.50. Thus, it is in this range where the crossover

from van der Waals to undulation forces takes place.

Assuming that the bilayer thicknesses of the described

non-ionic surfactants are similar, it is not surprising

that the disconnections in figures 2 (b) and 7 are observed

at similar surfactant concentrations. In other words, the

transition from the connected to the disconnected

lamellar phase is expected to be at between 35 and

50 wt % surfactant for bilayer thicknesses around 5 nm.

We would like to propose that the transition can be

tuned by the rigidity of the monolayer. It is in this

region where the bilayers are not only very close but

also they undulate. Whether or not these undulations

lead to the formation of an isotropic phase, and thus to

a disconnection of the lamellar region, depends on

the rigidity of the monolayer. The higher the rigidity of

the monolayer, the greater its ability to resist undula-

tions. Thus, from the results presented here it can be

concluded that the disconnection takes place in a

concentration range where d<e and that it is tuneable

by the rigidity of the monolayer.

4.2.3. Stacked mono- and bi-layers

Finally, the transition from the lamellar to the

adjacent isotropic phase will be discussed for both the

dilute and the concentrated lamellar phases. Our starting

point is the separated ‘dilute’ lamellar phase observed

for the C10E4/C10E5 mixture (see figure 2 (b)) and the

surfactant (C1)3SiC6E5M (see figure 7), in the vicinity

of which two isotropic phases were found. At low

concentrations it is the isotropic L3 phase that is

formed. As already mentioned, the forces acting

Figure 8. Above: Interlamellar distance d as a function of
the surfactant mass fraction c calculated according to
equation (6). The C10E4 bilayer thickness e was estimated
to be 5.0¡0.5 nm and is indicated by the dotted lines.
Below: Schematic drawing of the transient state of
passage formation which will lead to a randomly
connected bilayer (left) and monolayer (right) network,
respectively. The former structure is called the L3 phase,
the latter has not yet been given a name.

50 C. Stubenrauch et al.
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between bilayers are at least the attractive van der

Waals force and the steric repulsion of the hydrated

molecules. For the dilute lamellar phase an additional

repulsive undulation force comes into play. Since it is

an additional force this might explain that the lamellar

phase is stable even at very low surfactant concentra-

tions and high temperatures until thermal fluctuations,

i.e. uncoordinated motions of the bilayers, disturb the
structure: the L3 phase forms. The idea is that the

undulating bilayers come into contact and form

passages, eventually leading to the formation of an

isotropic L3 phase.

The transition from the La to the L3 phase through

the intermediate state of passage formation was

monitored by freeze fracture electron microscopy

(FFEM) [9]. This isotropic phase consists of a

bicontinuous network of two aqueous subvolumes

separated by a random bilayer network. The transient

state of passage formation is shown schematically in

figure 8 (below, left side). On the other side of the
lamellar ‘island’, i.e. at high concentrations, an

isotropic region abbreviated as 1 is formed. Considering

that the distance between the lamellae decreases with

increasing surfactant concentration, the process of the

L3 phase formation can be transferred to the process of

the formation of the isotropic 1 phase. The only

difference is that at high concentrations passages are

formed between two monolayers, whereas at low

concentrations the passage-forming entitites are

bilayers (see figure 8). In other words, it is a question

of the repeat distance d, whether the lamellar phase has

to be considered as an arrangement of stacked bilayers

or stacked monolayers. Based on these arguments we

propose that the structure of the isotropic phase formed
between the dilute and the concentrated lamellar phase

is also bicontinuous. Measurements performed by He

et al. [32] and Degiorgio et al. [33] along an isothermal

path through binary phase diagrams support the

formation of a bicontinuous structure. He et al. [33]

investigated a trisiloxane surfactant and found that the

structure changes continuously from the L1 to the L2

phase via a multi-connected tubular network, which is

formed at concentrations between 50 and 70 wt %.

Degiorgio et al. [33] carried out SANS measurements

across the isotropic single phase region of C12E8 from

0 to 100 wt % surfactant and reported a bicontinuous

structure at intermediate concentrations. In contrast to
bicontinuous microemulsions, where the two subvolumes

consist of water and oil, respectively, in the binary

systems it is the surfactant itself which takes over the

role of the second subvolume. Measurements intended

to clarify this point are in progress.

To conclude, the connection or disconnection between

the dilute and the concentrated La phases depends on

the interrelationship of the distance between the

monolayers and their rigidity. It may be deduced

from the observations made for the different kinds of

non-ionic surfactants described, that at surfactant

concentrations around 40–50 wt % the distance d

between the bilayers is similar to the thickness of the

bilayers e. It is in this concentration range that the

monolayers are close enough to form interlamellar

attachments. Whether or not these attachments are

created depends on the rigidity of the corresponding

surfactant layer. We note a striking similarity between

the isotropic phase at intermediate concentrations in

binary systems and the occurrence of the isotropic

symmetric bicontinuous microemulsions in the vicinity

of a dilute lamellar phase.

5. Conclusions

We have presented new results on two unusual

features concerning lamellar phases (La) in binary

aqueous solutions of non-ionic surfactants. The first

striking feature is the formation of highly dilute La

phases down to 1 wt % of surfactant, which has been

reported for a small number of non-ionic surfactants

which are all of the alkyl polyglycol ether type. So far,

in this kind of system only ‘connected’ lamellar phases

have been observed, i.e. a phase transition between the

dilute and the concentrated La phase does not take

place. However, for aqueous solutions of one particular

trimethylsilane surfactant, two disconnected La regions

were observed. This second unusual feature raised three

questions, each of which we are able to answer.

a. Is the disconnected La phase a peculiarity of the

silane surfactant or a general feature of non-ionic

surfactants? We addressed this question by

investigating systematically and precisely the

phase behaviour of the binary H2O – C10E4

system as well as of the pseudo-binary H2O –

C10E4/C10E5 systems. A mixture of 90 wt % C10E4

and 10 wt % C10E5 was found to form two

disconnected lamellar phases. We concluded that

the disconnected La phase is a general feature

of non-ionic surfactants. The disconnection can

be tuned simply by mixing two surfactants, one

of which forms a continuous La phase extend-

ing to low concentrations, whereas the other La

phase is restricted to high concentrations.

b. Are there any structural differences between the

connected and the disconnected La phases? To

monitor the structural evolution we replaced

H2O by D2O and measured the 2H NMR spectra

of the D2O – C10E4 and D2O – C10E4/C10E5

systems as a function of the surfactant concen-

tration c. We found a continuous increase of

La phases 51

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
0
3
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



the quadrupole splitting Dn with increasing c,

which indicates a continuous structural evolution

from a dilute to a concentrated lamellar phase.

Furthermore, the splittings were found to be

equal for a given surfactant concentration

irrespective of the system. Thus, the answer to

the second question is that there are no

structural differences between the connected

and the disconnected La phases. In other

words, the disconnection does not change the

structure of the remaining La phases.

c. What is the reason for the disconnection of the

La phase? In order to answer this question we

discussed the stabilizing mechanisms acting in

lamellar phases. In the range of concentration

and temperature where the distance between two

bilayers is higher than the thickness of the

bilayer, i.e. dwe, the La phase is stabilized by

the interplay of the attractive van der Waals

force, the steric repulsion of the hydrated head-

groups and the repulsive undulation force,

whereas for dfe the stabilizing force of undula-

tions vanishes. We calculated the distance between

the bilayers and found that in the concentration

range where the disconnection is observed the

bilayer distance and the bilayer thickness are

similar, i.e. d<e. In this region a crossover from

the repulsive undulation force to the sole repul-

sion being the steric repulsion takes place, i.e.

the bilayers come so close that they cannot

undulate. It is in this range that in effect the

bilayers become monolayers. Whether or not

these undulations lead to the formation of an

isotropic phase, and thus to a disconnection of

the lamellar region, depends on the rigidity of

the monolayer. We concluded that the discon-

nection only takes place if d<e and that it is

tuneable by the rigidity of the monolayer.
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Appendix 1

As the determination of phase diagrams is very time-

consuming we decided on the following procedure to

find two disconnected La phases. First the T–d phase

diagram of the pseudobinary H2O – C10E4/C10E5

system was measured at a constant surfactant concen-

tration of c~0.20 (see figure 9). At this particular c the

H2O – C10E4 system (d~0) forms a dilute lamellar

phase between 46 and 55‡C, whereas for H2O – C10E5

(d~1.0) only isotropic phases are observed. On adding

C10E5 to H2O – C10E4, i.e. increasing d, one observes a

decrease of the temperature range in which the La

phase is stable until it vanishes at d~0.15. The same

effect, namely a destabilization, is seen for the L3 phase.

The tendency to suppress ordered phases is also

manifested in the increased range of the isotropic L1

phase. At c~0.20 the temperature of demixing

increases linearly from 26.81 at d~0 to 49.46‡C at

d~1.0. To monitor the suppression of the lamellar

phase, d~0.10 was chosen and the corresponding T–c
phase diagram was determined. At this particular d the

temperature range of the La phase was significantly

smaller (50–55‡C) than that of the binary system

(46–55‡C) so that a difference between the T–c phase

diagrams for d~0 and d~0.10 was expected. The result

is seen in figure 2. It has to be underlined that the

existence of two separate La phases cannot be deduced

from the T–d phase diagram shown in figure 9. It is

only the tendency to destabilize the La phase that is

presented.

Figure 9. T-d phase diagram of the pseudobinary H2O –
C10E4/C10E5 system at c~0.20, where d~0 and d~1.0
correspond to the binary H2O – C10E4 and H2O – C10E5

systems, respectively. It is clearly seen that the range of
the lamellar phase decreases with increasing amount of
C10E5, i.e. with increasing d. Note that from this section
the existence of two separate lamellar phases cannot be
deduced. The notation is the same as in figure 1.
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Appendix 2

Figure 10, in comparison with Figure 2(b), illustrates

the change in phase behaviour upon replacing H2O by

D2O.
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Figure 10. Extension of the lamellar phase in the pseudo-
binary D2O – C10E4/C10E5 system at d~0.10. The phase
boundaries (lines) were estimated from the phase
transitions (symbols) determined by visual inspection.
Comparing figure 10 with figure 2 (b) one sees that
replacing H2O by D2O stabilizes the La phase at low
concentrations, which is reflected in the fact that the
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